-Gene expression profiling through the application of microarrays provides comprehensive assessment of gene expression levels in a given tissue or cell population, as well as information on changes of gene expression in altered physiological or pathological situations. Microarrays are particularly suited to study interactions in the regulation of large numbers of different genes, since their expression is analyzed simultaneously. For improved understanding of the physiology of adipose tissue, and consequently obesity and diabetes, identification of covariability in gene expression was attempted by analysis of the individual variability of gene expression in subcutaneous white and brown fat of the Siberian dwarf hamster using microarrays containing ϳ300 cDNA fragments of adipose genes. No sex-dependant variability in gene expression could be found, and overall individual variability was rather low, with more than 80% of clones showing a coefficient of variation lower than 30%. Uncoupling protein 1 (UCP1) displayed a high variability of gene expression in brown fat, which was negatively correlated with the gene expression of complement factor B (FactB), implying a possible functional relationship.
adipocyte; brown adipose tissue; gene expression profiling; uncoupling protein; complement factor B ADIPOSE TISSUE IS ACTIVELY involved in energy homeostasis, playing a role not only in development of obesity but also insulin resistance and diabetes (15) . The two types of adipose tissue, white adipose tissue (WAT) and brown adipose tissue (BAT), represent counter-actors in energy partitioning, channeling lipid energy either to accumulation (WAT) or to oxidation and dissipation (BAT) (11) . Recently, in two studies microarrays were used to investigate changes in gene expression in WAT or adipocytes associated with obesity, diabetes, and adipocyte differentiation (16, 17) . Additionally, we have employed microarrays to identify genes of differential expression in white and brown preadipocytes (2) . Gene expression analysis of adipose tissue using microarrays is considered to generate new insights into the regulatory mechanisms involved in obesity and diabetes (15) .
Microarrays have opened the possibility for largescale gene expression analysis (8, 7, 18) . Investigations that were previously possible only on single genes can now be done on the scale of whole genomes. Microarrays are used to assess changes in gene expression after the treatment of cells, during differentiation or other processes, or to identify differentially expressed genes between cell types or between populations. Regarding the latter application, some problems were encountered to define statistical criteria for the identification of significant differences in gene expression (13, 20) . The assessment of gene expression in populations showed that large differences could be found between individuals, even for genes previously considered as control or housekeeping genes. The existence of housekeeping genes defined as genes with ubiquitous and stable expression has been found to be highly questionable (9, 12 ; also, our unpublished observations). Also, different genes were found to have different levels of interindividual variability. This implicates the necessity to use different scales of measurement for the different genes when comparing individual samples (20) . Currently only few variability data from microarray studies are available. With the growing amount of expression data available, catalogs of gene expression levels including indications on variability will be compiled. This kind of database is being set up for example at http://www.hugeindex.org (9) . Analysis of variability in gene expression can also be used to identify covariability in the expression of specific genes, which could be indicative of a possible functional relationship.
For adipose tissue, so far no such data on individual variability in gene expression are available. Therefore, we investigated the variability of gene expression in white and BAT from the Djungarian (also termed Siberian) dwarf hamster Phodopus sungorus, using previously established microarrays containing ϳ300 adipose-derived cDNA fragments (2) . P. sungorus is a widely used animal model in the study of brown fat thermogenesis because it shows very high cold-inArticle published online before print. See web site for date of publication (http://physiolgenomics.physiology.org).
duced, adaptive increase in brown fat thermogenesis and abundant brown fat. Subcutaneous WAT and BAT depots of six animals, three males and three females, were hybridized to the arrays. The aim of these hybridizations was to evaluate the expression levels of adipose tissue genes in vivo, as well as individual and sex-dependent differences of gene expression and to identify possible covariability of gene expression.
MATERIALS AND METHODS
Animals, cell cultures, and mRNA isolation. Djungarian dwarf hamsters (P. sungorus) were obtained from our own breeding colony. Animals were kept at 23°C (thermoneutrality) in long photoperiod (18:6 h, light:dark). Tissue samples were obtained from six hamsters, three males and three females, aged 11 wk. Average body weight of Siberian hamsters is around 45 g under these housing conditions. For tissue preparation animals were anesthetized with CO2 and killed by cardiac puncture. The inguinal WAT and several subcutaneous depots of BAT (axillar, suprasternal, interscapular, dorsal-cervical) were isolated. The BAT depots were pooled for each animal, amounting to around 1 g per animal. Total RNA from tissue samples was extracted using the single step acid phenol-guanidine protocol (4) . For the synthesis of the reference cDNA, RNA from the WAT of 16 animals and from the BAT of 18 animals aged 11-30 wk was pooled. The primary cell cultures of white and brown preadipocytes were described in Ref. 2 . Mature adipocytes were obtained after 10 days of cell culture and induction of differentiation at day 3 of culture. For ␤-adrenergic stimulation, cells were treated chronically with either 0.1 M CL-316.243 (a ␤3-adrenoreceptor-specific agonist) or 10 M isoproterenol from day 3 on. mRNA was isolated using a mRNA purification kit (Amersham Pharmacia).
cDNA microarrays. The microarrays used in this study were described previously (2). They contain 256 clones obtained by representational difference analysis of cDNA from cultured white and brown preadipocytes and 47 reference clones with established functional relevance to adipocyte development. The clones were printed in duplicate onto the arrays.
Sample preparation. One microgram of sample mRNA was labeled by incorporation of either Cy3-dCTP or Cy5-dCTP during a reverse transcription as described (2) . The individual tissue samples were labeled with Cy5, the reference mRNA with Cy3. After purification of the obtained labeled cDNAs, they were dissolved in 20 l hybridization buffer [5 ϫ SSC, 0.2% SDS, 5 ϫ Denhardt's solution, 50% (vol/vol) formamide, 0.2 mg/ml denatured herring sperm DNA] and denatured.
Hybridizations. The microarrays were hybridized with a 1:1 (vol/vol) mixture of Cy5-labeled tissue cDNA and Cy3-labeled reference cDNA. Twelve hybridizations were performed corresponding to the WAT and BAT of six animals, as well as six replicated hybridizations with the cell culture probes (i.e., a total of 12 hybridizations for cell culture probes). After prehybridization, arrays were hybridized overnight at 42°C using a Geneframe (1 ϫ 1 cm 2 , 25 l hybridization volume; Westburg, Leusden, The Netherlands). They were washed and scanned using a confocal laser scanner ScanArray 3000 (General Scanning). Scans were made with a pixel resolution of 10 m, a laser power of 90%, and a PMT voltage of 55%. The software package ArrayVision (Imaging Research, Ontario, Canada) was used for image analysis of the TIFF files as generated by the scanner. Average spot intensities were collected for each individual spot and stored for further data processing in Microsoft Excel.
Data analysis. Prior to the normalization of data, we compared the Cy3 reference hybridizations on the 12 arrays to assess the methodological variability ( Fig. 1 ). Only at low signal intensities, the coefficient of variation (CV) is dependent on the mean signal. For the spots with higher signals, the levels of variation found were low. The median CV for all clones is 12.5%; 78.1% of them show a CV lower than 20%. The noise due to methodological errors is thus rather low. Data points with too low signal intensity, i.e., with a signal intensity lower than twice the background level, as well as data points with poor reproducibility on duplicate spots, i.e., with a difference between duplicate spots higher than onehalf the mean of their signals, were excluded from data analysis. Yet these represented few clones. More than 90% of the clones on the arrays gave signals higher than twice the background.
Through the use of a unique reference mRNA it is possible to compare multiple mRNA samples. The mean of the Cy5/ Cy3 ratio was calculated for each clone on the array and normalized with the median Cy5/Cy3 ratio of all spots on the array. We have shown the validity of this method previously (2) . By the comparison of microarrays hybridized to probes obtained from identical mRNA samples, it could be shown that the expression ratios thus calculated are highly reproducible. No more than 2% of the clones on the arrays were found to have more than twofold differences between replicated hybridizations. We compared expression levels between WAT and BAT and found 24 clones with higher expression levels in WAT and 28 in BAT. As the majority of the clones are equally expressed in WAT and BAT and there are approximately as much clones higher expressed in WAT than in BAT, our normalization procedure with the median introduces no bias.
The "expression ratios" thus calculated reflect the expression level of the corresponding gene in one tissue sample relative to the expression in the reference tissue pool. They are not linked to the initial signal intensity of the corresponding spots. For graphical representations, these ratios were rescaled by multiplication with the mean corresponding reference (Cy3) signal from all hybridizations, so that clones with low-intensity signals are represented by low "corrected expression ratios" in the graphs. This correction does not Fig. 1 . Variation of the normalized Cy3 signal intensities for the 12 microarrays hybridized to tissue probes. The Cy3 signals were normalized on each array prior to comparison to avoid bias due to different hybridization efficiencies on the arrays. For each clone on the arrays, the coefficient of variation (CV ϭ 100 ϫ SD/mean) of the 12 signal intensities in % is plotted against the mean Cy3 signal.
affect the comparison between arrays. Statistical analysis of expression data was performed using SPSS for Windows 8.0.
RESULTS
Comparison of female and male hamsters. We compared the gene expression in adipose tissues of three female and three male hamsters. Mean corrected expression ratios from females and males were calculated and compared. Figure 2 is a scatter plot representing this comparison in WAT ( Fig. 2A ) and in BAT (Fig. 2B) . In both graphs, data points are distributed rather closely along the line of identity. There are a few outliers among the clones with lower expression levels.
As shown in Fig. 1 , methodological variability is higher for these clones, so that these differences cannot be considered as significant.
Global interindividual variability of gene expression. No sex-specific differences being found in our dataset, we were interested in the global homogeneity of the gene expression levels between the animals. For each clone on the arrays, the CV of the expression ratios in the six animals was calculated. The distribution of the CV values in WAT and BAT is shown in the histograms in Fig. 3 . Globally, the interindividual variability of expression was rather low: most of the clones (86% in WAT and 83% in BAT) have a CV lower than 30%. The median value of the CV of expression ratios lies at 18.5% in WAT and at 17.5% in BAT, and the distribution in WAT and BAT is rather similar. The only noticeable difference is the presence of more clones with CVs between 40 and 60% in BAT than in WAT.
Interindividual variability of the expression of selected genes. A simple statistical model (21) shows that two components are involved in the SD of expression ratios: a noise component due to the background, which is decreasing with increasing mean signal intensity, and the interindividual variability of gene expression. The latter should be independent of signal intensity. To assess the importance of the noise component in our data, we looked at the dispersion of the CV values relative to the mean expression ratios of the corresponding clones (Fig. 4) . The main cloud of spots corresponds to CV values less than 30%. For low-intensity signals on the arrays the CV can reach higher values. This dispersion of data points at low signal intensities can be attributed to the noise component in the SD of expression ratios and thus reflects measurement errors. However, some clones with higher expression levels also showed a relatively high CV, especially in BAT.
We were interested in clones showing high CVs that were not due to methodological errors. To do so, we considered arbitrarily all the clones with a mean corrected expression ratio in the highest tertile of all ratios. Low expression levels are thus avoided. In Table 1 clones are listed with a variability in the highest 10 percentile of variation, i.e., higher than 25.9% in WAT and 28.9% in BAT. It should be noticed that these levels of variability are much higher than the methodological variability measured on the Cy3 signals (Fig.  1) . For WAT, the following genes were found to be represented in this area of the graph, some of them being represented by several clones on the array: cytochrome c oxidase chain I (COI), complement factor B (FactB), and three unsequenced clones; and for BAT, FactB, uncoupling protein 1 (UCP1), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), acyl-CoA synthetase II (ACS), stimulatory G protein subunit-␣ (Gs␣), and one unsequenced clone. The two genes with the highest levels of variability in BAT are FactB and UCP1, with a CV close to 40%. The variability of the Gs␣ protein expression is also higher in BAT compared with WAT (22% vs. 16%). In contrast to this, the variability of the COI expression is much higher in WAT than in BAT (26% and 19%, respectively) .
To identify possible covariabilities of gene expression, we analyzed the correlations of all highly variable genes listed in Table 1 . Of special interest in this respect is UCP1. UCP1 expression characterizes the brown adipocyte phenotype and reflects the thermogenic capacity of adipocytes (10, 11) . Therefore it was interesting to investigate whether the high variability in expression levels of other genes could be linked to UCP1 expression. We found a significant (P Ͻ 0.05, Pearson) negative correlation between UCP1 and FactB expression levels (Fig. 5) . Data points obtained from hybridization of the same arrays to cultured brown adipocytes treated or not with ␤-agonists were added to the graph, showing the same tendency of a negative link between FactB and UCP1 expression. As a matter of fact, in cell culture, ␤-agonist treatment induced UCP1 gene expression but repressed the expression of FactB in BAT (2) . Between UCP1 and Gs␣ protein expression levels, a positive but not significant correlation was found. For other genes, no correlation could be detected.
DISCUSSION
Adipose tissue displays a marked metabolic heterogeneity (3) depending on adipose tissue type (white/ brown), sex (male/female), location (subcutaneous/vis- For COI, Gs␣, and factB, the mean coefficient of variation (CV) of all the clones representing these genes are reported.
* The mean CVs lying in the highest 10 percentiles of all CVs [25.9% in white adipose tissue (WAT), 28.9% in brown adipose tissue (BAT)]. COI, cytochrome c oxidase chain I; factB, complement factor B; UCP1, uncoupling protein 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ACS, acyl-CoA synthetase II; Gs␣, stimulatory G protein subunit-␣. ceral), as well as different physiological and metabolic situations (e.g., age, obesity, diabetes, physical fitness). This should be reflected by different patterns of gene expression. Indeed, marked differences in adipose gene expression between lean and obese mice have been described using oligonucleotide microarrays (16, 17) . It is conceivable that in the near future such microarrays or DNA chips can be used as a diagnostic tool for specific metabolic or pathophysiological situations through assessment of individual adipose gene expression profiles. Essential for this approach however, is the knowledge of the normal range of individual variabilities of adipose gene expression.
Here we used adipose tissue samples from six noninbred dwarf hamsters of same age and physiological adaptation for microarray hybridizations. Interestingly, in the comparison of gene expression levels in BAT and WAT of three male and three female animals, no sex-dependent differences could be found (Fig. 2, A  and B) . For the genes with a high interindividual variability also no sex-dependant distribution of expression levels could be observed. This supports previous observations that specific enzyme activities or gene expressions are not different in female and male hamsters (S. Klaus, unpublished results).
An interesting finding of this study is that the individual variability of gene expression in BAT and WAT was relatively low (Fig. 3) . It has been shown recently that high levels of interindividual variability of gene expression can be found even in inbred animals. Miller et al. (13) examined the expression of 153 genes in the liver of four mice and found variability of expression levels higher than 30% for 80% of them. In another study, the hippocampi of inbred rats were compared. The variability of gene expression ranged from 1.6-fold to 20-fold differences between individuals (1). As inbred animals represent the minimal expectable variability, much higher differences might be encountered between animals from outbred colonies or from wild populations. However, with 90% of the clones showing a CV lower than 26% in WAT and 29% in BAT, our gene expression data reveal to be rather homogenous. This might indicate that gene expression in adipose tissue is rather robust and stable under identical environmental conditions.
Yet some genes were found with high levels of variability. A calculated CV includes methodological and interindividual variabilities. As the methodological component of variability decreases with higher signal intensity, we further considered only clones with high signals on the arrays (Fig. 4) . Thus more genes of high individual variabilities were identified in BAT than in WAT (Table 1) . We exclude the possibility that the variabilities found could be linked to sampling. The animals used were kept in identical conditions and in all animals identical depots of WAT and BAT were dissected. The high CV value found for UCP1 in BAT (41.5%) could possibly be explained by differences in the cellular composition of BAT because UCP1 is only expressed in differentiated brown adipocytes (10) . Adipose tissue containing a higher number of brown adipocytes would result in higher UCP1 expression levels. If this were the case, then a similar behavior would be seen for other genes that are higher expressed in BAT vs. WAT, such as COI, which has a 10 times higher expression in BAT than in WAT (2) . However, the variability of expression of COI was found to be rather low in BAT (19%), and no correlation was found between the expression of UCP1 and COI in BAT. It thus seems unlikely that the variability of gene expression levels found reflect different cellular compositions of the adipose tissues. The UCP1 expression levels rather suggest different degrees of activation of BAT, although all animals were of same age and kept at exactly the same environmental conditions.
When we analyzed covariabilities of expression in genes showing high interindividual variabilities in BAT, a significant negative correlation between the expression levels of complement factor B (FactB) and UCP1 could be detected, not only in vivo, but also in primary cell culture (Fig. 5) . FactB belongs to the alternative pathway of complement. It is, as well as other complement components, known to be expressed in adipose tissue (2, 5) . The activation of the proximal portion of the alternative pathway of complement in adipocytes leads to the production of acylation stimulating protein (ASP) (6), which stimulates triglyceride synthesis in adipocytes. FactB is the rate-limiting enzyme in ASP synthesis. The role of complement components in BAT is unknown. C3-deficient, and thus ASP-deficient, male mice showed almost 90% enlarged BAT depots under a low-fat diet, whereas gonadal and perirenal WAT depots were moderately decreased (14) . The authors of this study hypothesized that this was due to a lower nonesterified fatty acid (NEFA) uptake in WAT, which lead to the repartitioning of NEFAs into BAT and muscle. Our data indicate a more direct role for complement in brown adipocytes and suggest that they could also be able to synthesize ASP, since they express all the complement components necessary for this (2) . This indicates a possible function of ASP in BAT, which might be different from its function in WAT. Previously we found a downregulation of the expression of all complement components through ␤-adrenergic stimulation in cell culture, suggesting a sympathetic regulation in adipose tissue (2) . UCP1 expression is stimulated by ␤-adrenergic activation, supporting the hypothesis that the expression of FactB in brown adipocytes is negatively associated with states characterized by high UCP1 expression. This indicates that there might be a functional link between thermogenesis and FactB in brown adipocytes. Interestingly, von Praun et al. (19) compared hamsters kept at 23°C or at 4°C for 2 or 7 days and found a significant positive correlation between the expression levels of UCP1 in BAT and the serum-free fatty acid (FFA) levels. In cold induction, the higher serum FFA levels are linked to an increased lipid catabolism. This could be directly linked to lower FactB expression and thus lower ASP levels.
In conclusion, our data demonstrate that individual variability of gene expression in WAT and BAT, at least in dwarf hamsters, is rather low and apparently not sex dependent. The comparison of normal individuals of a homogeneous population can give some indications about possible functional links between different genes or groups of genes. Here we found a possible negative link between FactB and thermogenic function in brown fat. It should thus be worthwhile to elucidate the precise functional role of complement components and ASP in BAT.
